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H^O water 
2 
cm square centimeters (area) 
keV thousand electron volts 
% percent 
% angstrom (10 meters) 
CO^ carbon dioxide 
N nitrogen 
yia micrometer (10 meters) 
SEM scanning electron microscopy, scanning electron 
microscope 
PVM paravertebral muscle 
Mrad megarad (10^ rads) 
HEMA 2-hydroxyethyl methacrylate 
PHEMA polyhydroxyethyl methacrylate 
Ww water imbibed weight 
Wi initial weight 
EG DM ethylene glycol diinethacrylate 
O i-J W ^  w w w  ^w s./ kx ^  ^ w O ^ .w w w • 
cm centimeter 
mm millimeter 
i.d. inside diameter 
c.d. outside diameter 
NV? N-vinyl-2-pyrrolidone 
PNVP 
volume % 
V 
F 
HCT 
ACT 
3 
mm 
ml 
sec 
graft % 
water imbibition % 
EDTA 
kg 
ml/sec 
T7 
V 
vi 
poly-n-vinyl-pyrrolidone 
percent of a component based on the volume of 
the component divided by the total volume of 
the system 
male 
female 
hematocrit 
activated coagulation time 
cubic millimeters (volume) 
milliliters 
seconds 
graft percent (amount of polymer added to 
substrate) 
water imbibition percent (amount of water in 
hydrogel graft) 
ethylene diamine tetraacetic acid 
kilograms 
milliliters per second (flow) 
J % ^ J ? 1 
voiuir.e percent 
refers to magnificatior.( 100 X Tnea-ns a feature 
shown is one hundred times its actual size) 
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GENERAL INTRODUCTION 
Hydrophilic polymers have been widely acclaimed for their potential 
worth in biomedical applications. In general, the hypothesis is that 
hydrophilic materials should act in favorable consort with physiological 
fluids, permitting the incorporation of components of the natural environ­
ment into the polymer. In particular, for the case of materials exposed 
to blood, it is argued that this hydrophilic component shoul'd accommodate 
water and low molecular weight elements of the blood plasma. This inter­
mixing of natural and synthetic components at the tissue/, ?lymer interface, 
by reducing the surface free energy, could reduce the extent of denatura-
tion and other trauma to blood proteins and thereby lessen the degree of 
thrombogenic response and/or promote the development of a nonthrombogenic 
layer. 
DISSERTATION FORMAT 
This dissertation is organized according to the publication type 
format in three sections. 
The first section addresses the problem of incorporating the hydro-
gels into or onto some suitable substrate. The problem arises because the 
hydrogels are mechanically weak alone. While several techniques have been 
introduced for incorporating the hydrogels into a variety of, available 
biomaterials, the resulting microstructure has not been identified or 
discussed prior to this work. Since claims of specific pore sizes for an 
optimal blood response have appeared in the literature, it was decided to 
investigate the possibilities for producing varied hydrogel porosities. 
The preparation of samples for observation in the scanning electron 
microscope requires either dehydration or freezing. Since the fluid-
imbibed hydrogel microstructure would be at the tissue/material interface, 
it was of interest to retain those fluid imbibed features for observation. 
Several sample preparations were evaluated in the interest of determining 
which method best preserved the material. 
ine secona seccion is a so: T 4- T TC <r r\Ti c) 
^ L. Tr>ViP"it"V ror two reasons, irirsc, any c o x ± c  saa:pj.a5 na 
could occur due to a resid'jal monomer or solvenc component in the final 
product. Any suggestion of such a problem would require the development of 
alternative fabrication methods. Some reports of a specific microstruc­
ture encouraging calcification or other unfavorable developments had 
occurred. Any response like this would require réévaluation of the 
monomers. Second, the ranee of normal healing in resoonses was 
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investigated. If the hydrogels could a'ter the thickness of the collagen 
layer, rate of healing, etc., such an observaLion wou].d suggest that 
hydrogels could play a role in altering other tissue responses and have 
scr.£ :;crth in controlling material/tissue i-nteractions. 
The third section relates experiments done to investigate the effect 
of hydrophilicity on the course of platelet adhesion and other blood 
element deposition. Since the hydrogel could be encorporated into the 
silicone rubber substrate without causing any gross microstructural 
changes, the effect of hydrophiJ.icity alone on blood element deposition 
could be investigated. Either a reduction in proclotting events or the 
promotion of a minimal thrombus that subsided would be worthwhile advances 
in the development of materials for cannulas or prosthetic devices. 
Appendix A shows some places where materials interact with the natural 
coagulation cascade. Appendix B presents the relationship of surface 
chemistry to contact angle. Appendix C is a bibliography of current 
relevant work on the interactions of blood elements and other cells and 
p-roroSnQ wi rn cjiTrfprpcj. T,ite"^ature ciLeu ouLside u[ u'iiê irhree main 
sections is referenced in the section titled "Literature Cited in Appen­
dices . " 
The major work presented here is that of the author under the guidance 
of his mai or professor, Raymond T. Greer. 
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SECTION I. HYDROGEL COMPOSITE MATERIALS WITH SILICONE 
RUBBER, POLYETHYLENE, AND POLYETHYLENE 
TEREPHTHALATE VELOUR SUBSTRATES 
Bradley H. Vale 
Raymond T. Greer 
Biomedical Engineering Program 
Department of Engineering Science and Mechanics 
and Engineering Research Institute 
Iowa State University 
Ames, Iowa 50011 
Key Words : Silicone Rubber, Polyethylene Terephthalate Velour, 
Polyethylene, Hydrogels, Scanning Electron Microscopy 
io be submitted to: Journal of Biomedical Materials Ressarch 
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SUMMARY 
The fabrication of composite materials of hydrogel and silicone rub­
ber, polyethylene terephthalate velour, and polyethylene was carried out to 
determine the range of graft and water imbibition properties, acceptable 
methods of sample preparation for scanning electron microscopy, and the 
types of resultant microstructure. Photographs presenting the micro-
structure of the materials are presented with ranges of graft % and water 
imbibition %. 
Graft % ranges of 1-70% (silicone rubber substrate) and 70-270% 
(polyethylene terephthalate velour substrate) were recorded with water 
imbibition % ranges of 26-67% (silicone rubber substrate) and 145-363% 
(polyethylene terephthalate velour substrate). Microstructural properties 
were found to vary from a homogeneous gel (no discernible pores on scanning 
electron microscopy examination at 3000X) through a granular material with 
voids up to 70 ym. Critical point drying was found to be a simple, satis­
factory method of sample preparation. 
The wide range of graft quality and microstructure offers many possi­
bilities for biomaterials applications. 
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INTRODUCTION 
Polyhydroxyethyl methacrylate (PHEMA) is a water imbibing polymer, 
or hydrogel, that was first introduced and recommended for biomedical 
applications by Witchterle and Lim (1). It has been widely proposed that 
the property of water imbibition should render a material more like the 
biological milieu and thus be more readily accepted by a biological 
system (2, 3). While hydrophilicity represents an apparent advance over 
the more commonly used hydrophobic polymers, the latter polymers are 
commonly recruited to act as scaffolding for the mechanically weak hydro-
gels. A variety of methods including radiation grafting, dip coating, and 
heat polymerization has been used to encorporate hydrogels into a 
hydrogel/substrate system. Ratner and Hoffman have reviewed the literature 
on these fabrication methods and potential applications for the poly­
hydroxyethyl methacrylate hydrogels and several others (4). 
This work was undertaken to investigate the microstructural features 
of these composite materials (to determine the range of possible micro-
structures) and to investigate the feasibility of using two fabrication 
procedures on silicone rubber, polyechylene, and polyethylene terephthalate 
velour. These procedures used are the Cobalt-60 irradiation induced poly­
merization described by Ratner and Hoffman (5) and the interpenetrating 
network (I?I\) method introduced by Predecki {b) . 
Previous microstructural studies :cere useful in providing a basis to 
expect to expand micrcstructural variability in select hy-'i-ogel formulation 
ranges. However, additional sample preparation procedures had to be devel­
oped to Dermit more detailed studies. Particular investigations of 
interest include the work of RaLner and Hoffman who demonstrated tlie 
effects of cupric ion on the "rafting process (7)- Gourlay et al. demon­
strated t-lie niicrc^striicture of a lOZ hydro^Aol graft (8). Geyrnaycr 5;ugRe::t;ed 
'jsing a freer'ic-shock technique to observe gels : this included rapid freez­
ing. transfer to the SEM column via an airlock, and observation of the 
sublimated surface (9). Andrade et al. used freeze drying and freeze 
etching to investigate some hydrogel microstructures (10). They reconmcnded 
a combination of techniques, including rapid quenching and fracture under 
liquid niurogcn, followed by coating of the freeze-etched sample (10). 
Silver impregnation in conjunction with electron microprobe analysis has 
been employed to determine the extent of fluid imbibition (11). Swart 
demonstrated the granular structure of a chemically formed hydrogel (12). 
Overall, several methods of sample preparation were used in an attempt 
to develop a simple, reproducible method of SEM examination. 
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MATERIALS AND METHODS 
Materials Fabrication 
Radiation grafting according to methods developed by Ratner and 
Hoffman (5, 7) was used to coat silicone rubber (Dow Corning, Silastic 
Sheeting, Lot ;'/H0608 and HH0699, .508 mm thick) polyethylene terephthalate 
velour (U.S. Catheters and Instruments, DeBakey Double Velour Dacron, 
approximately 2.0 mm thick) and polyethylene (Intramedic, PE 320, 2.59 x 
3.50 mm, i.d. x o.d.). Strips of the silicone rubber and velour cut to 
1 X 4 cm and polyethylene tubing cut to 4 cm were ultrasonically washed 
(5 minute wash, 3 rinses) with a nonoily soap (Ivory flakes) and weighed. 
The substrate materials were suspended in Pyrex test tubes with the monomer 
solution of interest in solvent consisting of 25% methanol and 75% water. 
The tubes were then saturated with nitrogen gas to minimize oxidative reac­
tions and irradiated in a Cobalt-60 radiation source to receive 0.25 to 
1.0 Mrad. The polyethylene tubing was etched with chromosulfuric acid for 
20 minutes at room temperature to enhance adhesion of the hydrogel (13). 
Impregnation was achieved using Predecki's method of interpenetrating 
network (IPN) fabrication (6). Silicone rubber sheets (as described above) 
cut into sqiiares (1 cm x 1 cm or 2 cm x 2 cm) were washed and weighed as 
described above. The samples were preswelled in boiling xylene for 
10 minutes and then were placed in the monomer solutions of interest at 
135*^C. Monomer solutions of 5-30% 2-hydroxyethyl methacrylate (HI2-IA) 
(Haven Chemical, Philadelphia, analysis of less than 1.5% diescer impurity 
or AJLcolac. Inc.. Baltimore, with <0.2% diesrer impurizy), with G to 2% 
9 
Philadelphia) were prepared in xylene with 5% ethanol. This technique has 
been used to fill in the velour materials, but in this case it is not truly 
an IPN. 
In both fabrication methods a bulk product was zcrzicd in the vessel. 
Depending on the monomer and crosslink agent concentration, the bulk poly­
mer can be a translucent viscous fluid, a brittle white mass, or a vhitish 
to translucent rubbery material. At lower reaction times and lower monomer 
and crosslink concentration, the composite material (substrate + hydrogel) 
was more easily separated from this bulk polymer. With increasing monomer 
and/or increasing amounts of crossiinking agent, the composites became more 
difficult to separate from the bulk polymer and were stripped free with the 
blunt edge of a hemostat. The samples were washed in an ethanol/water 
(50/50 volume %) solution. 
SSM Techniques 
Air dried samples were removed from saline, taken through a series of 
acetcnc rinses (30, 60, 90, 100%), allowed to dry in air, mounted on alumi­
num stubs with colloidal silver, coated with 100 R carbon and 200 & gold by 
vacuum evaporation, and observed at 5-25 keV in a JSGL-U3 SS-l. 
Freeze dried samples were obtained by freezing samples stored in 
distilled water and then vacuum desiccating them for 48 hours. Samples 
were then allowed Co reach room temperature under vacuum, zhen removed, 
coated, and cbser-.-ed as described above. 
Critical point dried samples '^'ere taken through the acetone dehydra­
tion, then were critical point dried froc liquid C02(in a Polaron Equip­
ment drier), and were mounted, coated> and observed as described above. 
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Cryofracture samples were frozen by immersion in liquid afcer being 
stored in distilled H^O. They were fractured, when possible, while under 
liquid or on the cryoscan stage. Ice free fracture surfaces or sub­
limated nonfracture surfaces were used for SEM observation at 5-15 keV. 
Graft and 5^0 Percent Determination 
A measure of the amount of graft and the water content of the graft 
has been employed by workers in this area to characterize the resultant 
composite materials (7). Since water content has been related to biocom-
patibility and nonthrombogenicity, this is a significant parameter (3). A 
method of determining graft % and water imbibicion % is described below. 
Samples to be used for graft and water imbibition measurements were 
placed in distilled water for at least 24 hours and weighed to give the 
water imbibed weight of the composite (Ww). This wet weight (Ww) was 
determined by blotting the wet sample between sheets of filter paper 
(Whatman #1) for 5 seconds and then weighing it immediately. The samples 
were then "lacad in a vacuum desiccator (over DrieTi'te) for 24 hours and 
weighed to give the weight of the substrate plus the hydrogel graft (Wg). 
Using the initial weight of the substrate (Wi) , the water imbibed weight 
(Ww), and the weight including the graft (Wg), the graft % and the water 
imbibition % can be determined as follows : 
X 100% = graft % 
X 100% = water imbibition %. 
Wg-Wx 
It should be noted that the water imbibition % represents water taken up 
11 
added to the substrate. Thus, the water is taken up in association with 
the amount of graft. 
12 
RESULTS/DISCUSSION 
Graft and Water Imbibition 
Table 1 presents graft % and water imbibition % data for silicone 
rubber substrates and polyethylene terephthalate velour substrates. The 
polyethylene tubing was not adaptable to the water imbibition % determina­
tion methods, and no data are presented for it. 
As shown in the table, the IPN method was found to cause an initial 
decline in the silicone rubber substrate weight (hence the -2.0 % graft 
entry). This is attributed to a leaching of monomer out of the silicone 
rubber and was approximately 2.5% at maximum. The IPN process occurred 
rapidly, once polymerization was begun, hence at a particular reaction 
time there is variation in the graft % reported for similar time periods 
(due to local variation in temperature). In general, higher graft % 
correlated with lower water imbibition % for all the samples measured. At 
low graft % the capacity to retain water at the surface probably enhances 
the apparent level of imbibition. At higher graft %, this surface effect 
is still present, but the presence of more graft only adds the water 
carried in the gra'^^t. The polyethylene terephthalate substrates shewed a 
tremendous capability for graft and water retention. A similar trend in 
graft % and water imbibition % was seen here, namely low graft % correlated 
wit5 hign water imbibition %. The lower gra:% had mors rtilaLlve suiflice 
available and held more surface and grossly crapped water. The higher 
graft % samples were more tightly packed, reducing the apparent water 
retention. These results point to the need for the development of addi­
tional technicues to further define the nature of such surfaces. 
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Table 1. Graft and water imbibition data 
Graft % H 0% 
I. Silicone rubber substrates 
IPK's 
10% monomer a5, 3 hrs. -2.0 — 
30% monomer H , 3 hrs. 4.8 53.4 
20% monomer H, 3 hrs. 25.6 43.7 
10% monomer H, 4 hrs. 30.7 39.3 
10% monomer A, 6 hrs. 53.4 38.2 
10% monomer A, 6 hrs. 70.5 40.1 
Radiation grafting 
All with monomer A, 0.25 Mrad 
20% A 
0% crosslink^ 3.7 40.0 
1% crosslink 8.3 27.0 
2% crosslink 10.5 32.1 
3% crosslink 6.9 32.8 
10% A 
0% crosslink 2.1 66.7 
1% crosslink 10.7 27.2 
2% crosslink 2.7 33.3 
crosslink 7.7 26.2 
crosslink 0.9 50.0 
:crosslink 3.3 44.4 
ik 6.6 26.1 
II. Polyethylene terephthalate valour substrates 
20% H, 1% crosslink, 1 nr. 69.o 353.C 
20% H, 1% crosslink, 1 hr. 270.0 145.0 
30% H, 1% crosslink, 1 hr. 146.0 242.0 
5% 
^Alcolac HtLriA; this monomer lot has 0.2% SGDM present as an impurity. 
^Haven ?IZMA; this monomer lot has 1.5% EGDM as an impurity. 
Represents amount of EGDM crosslinking agent added to monomer solu-
u 
SEM Techniques 
Figures lA-D shew the resultk of a variety of sample preparation tech 
niques on the morphology of a bulk polymer sample. In lA, the result of ni 
drying from acetone is shown. The surface is uneven but not rough. The 
same sample after critical point drying is sho\m in Figure IB. Here a 
surface formed of coalesced beads of 2-3 yni is seen. Figure IC shows a 
similar texture for the sai^ple using the cryofracture method. Freeze 
drying caused the material to pull apart as shown in Figure ID. 
Microstructural Findings 
Figure 2A shews the silicone rubber substrate surface before the addi 
tion of hydrogel. l-Jliile the addition of the hydrogel by the IPN method 
causes a gross color change from the translucent silicone rubber to a 
whitish opaque material. Figure 2B shows that only minor changes occur in 
the surface texture. Some flecks of hydrogel polym.er are present and in 
some cases were more widespread on the surface than shora here. 
Figure 3 shc'..'s the two kinds of results possible whpn rndiation graft 
ing on silicone rubber is used. In Figure 3A an actual surface layer is 
seen. The silicone rubber texture can be seen through the surface coating 
on the right edge where a defect has occurred (see arrow). In Figure 3B, 
using the Alcolac monomer, no surface layer is seen. Similar to this case 
for relatively low crosslink agent concentration (1.5% EGDM compared with 
0.2% EGDM), the phenomenon of a lack of obvious surface coating has been 
Figure lA. Bulk polymer fros 10% HEMA (Haven) , 0% EGDM (added) at 1.0 Mrad 
dose, air dried (scale bar = 10 ym) 20 keV 
Figure 13. Bulk polymer from 10% HEMA (Haven), 0% EGDM (added) at 1.0 Mrad 
dose, critical point dried (scale bar = 10 ym) 20 keV 
16 
Figure IC. Sulk polymer from 10% HEMA (Haven), 0% EGDM (added) at 1.0 Mrad 
dose, cryofracture preparation (scale bar = 10 ym) 5 keV 
Bulk polymer frcz 10% HEMA (Haven), 0% EGDM (added) at 1,0 Mrad 
dose, freeze-dried (scale bar = 10 -^in) 15 keV 
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Figure 2A. Silicone rubber sheet after soap wash (scale bar = 5 ym) 20 keV 
i'igure 2B. Silicone rubber sheet after IrN processing, 20% HEMA (Haven), 
2% EGDM (added), 2 hours reaction time (scale bar - 33 um) 
20 keV 
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Figure 3A, Silicone rubber sheet coated with 20% HEMA (Haven) and 0% EGDM 
added, 0.25 Mrad (the Haven KSMA has 1.5% EGDM as an impurity). 
The arrow shows a defect in the hydrogel coating, revealing the 
silicone rubber texture (scale bar = 33 ym) 20 keV 
Silicone rubber sheet impregnated with 20% KSMA (Alcolac) and 
0% EGDM added, 0.25 Mrac (the Alcolac KEMA has 0.2% EGDM as an 
impurity) (scale bar = 50 25 keV 
22 
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reported to occur when N-vinyl-2—pyrrolidone is used in conjunction with 
HEMA (7). 
Figure 4 shows how a polyethylene terephthalate velour can be filled 
in with the hydrcgal. Figura 4A shews the velour before hydrogel is added. 
After the IPN process (Figure 4B), the spaces between the fibers are filled 
in with hydrcgcl. This example shows a homogeneous gel (no obvious pores 
are seen at this magnification). It was found that by increasing the 
amount of crosslink agent in the radiation polymerization process an 
increase in porosity and void size for the gel up to approximately 70 ym 
could be obtained (see also 14. 15). 
The etched polyethylene tubing promoted a polymer deposition that 
began with small beads that coalesced into a sheet of polymer. Figure 5A 
shows the beaded effect on a sample after 0.25 Mrad of radiation. Figure 
5B, of a sample exposed to 0.5 Mrad, shows the completed sheet of polymer. 
Figure 4A, Uncoated polyethylene terephthalate velour (scale bar = 20 ym) 
25 keV 
Figure 43. Polyethylene terephthalate velour filled with 20% HEMA, 0% EGDM 
(added) by 1.5 hours of IPN treatment. Arrow points to velour 
fiber partially coated by hydogel. critical point dried (scale 
bar = 20 uûi) 25 keV 
25 
Figure 5A. Polyethylene tubing substrate with 10% HEMA (Haven) and 0% EGDM 
(added) radiation grafted, 0.25 Mrad, critical point dried 
(scale bar = 10 yirO 20 keV 
figure 53. Polyethylene tubing substrate with 20% HEKA (Haven) and 0% EGDM 
(added) radiaticn grafted, 0.50 Mrad, critical point dried 
(scale bar = 10 vm) 20 keV 
27 
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CONCLUSIONS 
Both the critical point drying method and the cryofracture method were 
acceptable for the preservation of the water-imbibed hydrogel micro-
structure. The critical point drying method is routinely available, is a 
standardized process, and was employed here. 
A wide range of microstructure for hydrogel composite materials has 
been presented here. This work can provide a point of departure for the 
clinically oriented worker in that the demands of a particular implant 
situation may be for higher or lower water imbibition, greater or lesser 
rigidity, etc. The wide use of polyethylene tubing for catheterization 
should be an excellent precedent for the study of hydrogel coated poly­
ethylene in the interest of prolonged function in a blood interface 
situation. The polyethylene terephthalate velours are popular for the 
restoration of blood vessels. By varying the porosity of the hydrogel 
filling, an optimum size could be determined for the blood interface. 
Combination of ccating and impregnation cculd be imagined. These could 
further expand the possibilities introduced here. This could be useful 
where a material like a vascular prosthesis must interface with blood cn 
one side and muscle or organs on the other side. The silicone rubber 
material is widely used in plastic surgery and as shunt material for 
draining cavities. The inner coating could be engineered to faclllCate 
transport of the particular fluid (even to imbibe and slowly release an 
antibacterial fluid), while the outside of the tube could be designed to 
promote rapid tissue ingrowth to promote rapid anchoring of the device. 
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ABSTRACT 
Hydrogel formulations of 10-20% HEMA (hydroxyethyl methacrylate), 0-3% 
EGDM (ethylene glycol dimethacrylate) and 0-15% NVP (n-vinyl pyrrolidone) 
were prepared to coat silicone rubber sheets and polyethylene terephthalate 
(Dacron) velour substrates by chemical and radiation polymerization 
methods. The rabbit paravertebral muscle implantation test was used to 
evaluate the tissue response to the hydrogel composite materials. Each 
fabricated sample was implanted in ten separate rabbits. The samples and 
surrounding muscle tissue were examined histopathologically at ten days, 
one month, and three months. Ths samples were sectioned and stained with 
hematoxylin and eosin, and trichrome stains. Samples were observed by LM 
(light microscope) and SEM (scanning electron microscope) techniques both 
prior to implantation and after removal from the muscle site. 
All the materials tested showed no cytotoxic activity. The silicone 
rubber composite materials were all surrounded by a thin, encapsulating, 
collagenous layer in a range of 10 to 30 The polyethylene terephtha­
late composite materials showed a considerable amount of tissue ingrowth up 
to 700 vm. This ingrowth was probably due to the filamentous nature of the 
polyethylene terephthalate velour and the hydrogel's relative porosity of 
20-50 micrometers filling the interstices. The PHEMA bulk polymer 
exhibited a small amount of tissue ingrowth. 
SEM microstructural details (e.g., the relationship of tissue penetra­
tion to the interconnecting pores of the hydrogel) indicate that a variety 
of microstructural features can be correlated to the fabrication variables 
33 
(rad i ation-initiaLed polymer jy.ation compared with chcmical grafting and the 
composition of the monomer for various crosslink formulations). 
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INTRODUCTION 
The development of hydrogcls, especially [..olyhydroxyethyl methacrylate 
(rni%\) as materials f(ir medical applications has been reviewed by Kntner 
and Hoffman (1) and Hoffman et al. (2). The Pin;M/\ monomer can be cross-
linked v.'ith ethylene glycol dimethacrylatc to form stable three-dimensional, 
water-imbibing gel networks. It is believed that the presence of imbibed 
fluid within the polymeric system is intrinsically related to its high 
biocompatibility (1). 
With the increasing interest in biomedical applications of hydrogels, 
there have been important discussions raised in the literature as to the 
surface and bulk properties in relation to the areas of blood compatibility, 
tissue compatibility, and cell adhesion. A better understanding of basic 
interactions between material parameters and biological response is needed 
so that a higiier level of control over the amount of biological reaction 
can be attained compared with current technology. 
The amount of graft, water imbibed and degree of biocompatibility of 
the hydrogel systems can be easily varied by changing substrate material, 
monomer concentrations, percent of crosslinking agent, and grafting methods. 
The degree of surface roughness of pre-imnlant materials, the amount of 
biological tissue penetration into the pores of the hydrogel, and organiza­
tion of the fibrous capsule can be investigated using light microscopy and 
35 
MATERIALS AND METHODS 
Materiîils Fabrication 
Radiation-initiated polymerization was used to coat Dacron (U.S. 
Catheters and Instruments, DeBakey Double Vol our, lot no, 015984) and sili­
cone rubber (Dow Corning, Silastic, lot no. IlHlAOA) . 1 x 4 cm strips 
(Dacron and Silastic) were cleaned ultiasonically (5 minute wash, 3 rinses) 
with a nonoily soap (Ivory flakes), dried, and weighed. Monomer solutions 
of 10-20% 2-hydroxyethyl methacrylate (HEMA., Haven Chemical Co., Philadel­
phia, lot no. 700-238-22) and 0-15% n-vinyl pyrrolidone (NVP, Haven 
Chemical Co., lot no. 700-205-2) crosslinking agent with 0-2% ethylene 
glycol dimethacrylate were mixed in a solvent consisting of 25% methanol 
and 75% distilled water. The substrate materials were suspended in Pyrex 
test tubes to which the monomer solution of interest was added. The tubes 
were then saturated with nitrogen to minimize oxidative reactions and 
irradiated in a ^^Co radiation source to receive 0.25 Mrad. 
Impregnation was achieved using an Interpenetrating Network (IPN) 
fabrication method (3) . Silastic sheets cut into strips (1 cm x A cm.) were 
washed and weighed as described above. The materials were preswelled by 
boiling in xylene for ten minutes and then were placed in the monomer solu­
tion of interest for two hours. Monomer solutions of 10-25% 2-hydroxyethyl 
methacrylate (HEMA, Haven Chemical Co., i'iiiiadei ph.ia, loz nc. 700-238-22) 
with 0-2% crosslinking agent added (ethylene glycol dimet;hacry] ate. EC DM, 
Haven Chemical Co., lot nc. 23-95) were prepared in xylene with 5% ethanol. 
The reaction was co:r.p] eted just below th.e boiling point of tlie resulting 
monomer-cross1inkcr solution which is in the range cf 118-135^0, depending 
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on the concentrations of monomer and crosslinker in Llie particular solu­
tion. This technique has also been used to coat Dacron with hydrogel 
although the resulting network is not truly an IPN. 
In both fabrication methods, a bulk product was formed in the reaction 
vessel. The samples were stripped free mechanically from the bulk polymer. 
The freed substrate with residual hydrogel coating was rinsed in an 
ethanol/water (50/50 v.%) solution (3 rinses) and stored in distilled 
Graft and H^O Percent Determination 
Samples tc be used for graft and water imbibition measurements were 
dried for four hours in an oven at 100°C and then stored in a desiccator. 
The dry samples were weighed to determine the percent hydrogel graft 
acquired, water imbibition was determined by blotting wet samples (stored 
in distilled water at least 24 hours) between sheets of Whatman #1 filter 
paper with a 100 gram weight for five seconds and weighing sample. Percent 
WV a. i. LV .i. k.. W O • 
weight of water imbibed . 
^ .1 —- I.-- -v 
weight of dry hydrogel graft 
SEM Techniques 
Critical point drying of nonimplanted samples involved taking the 
samples through a series of acetone rinses (30, 60, 90, 100, 100%) from the 
distilled water storage medium. Samples were critical-point dried in a 
Polaron Equipment drier using CO,, mounted on aluminum stubs with colloidal 
silver. SDutter coated with 300 A cold bv a Polaron Instruments SEM coating 
•yI 
Surgical Imp]antation 
Rabbit paravertebral muscl.cs were used as the site of implantation for 
the test discs according to the method suggested by Coleman, King, and 
Andrade (4). Briefly summarized, the nieciiod was a sLerile LcCiiriquC per­
formed under general anesthesia: a one-centimeter incision was made 
approximately two centimeters from the vertebral spines in the midlumber 
region over the right and left paravertebral muscles (ilio costalis 
lumborum and longissimus lumborum); each disc was implanted into a pocket 
formed by blunt dissection (separating the muscle fibers longitudinally) 
vith an iris scissors; the muscle sheath, fascia, and skin were closed with 
OOO-prolene^ sutures. Sham surgery sites did not receive an implant. The 
rabbits were given a single postoperative intramuscular injection of 
2 
200,000 units of Combiotic (a penicillin and streptomycin combination). 
Ten anim.als per material used. Six sites per animal were 
employed, one being a control silastic, one being a sham surgical site, and 
four being material implantation sites. 
Specimen Preparation 
Tissue and material samples were harvested at 10 days, 30 days, and 
2 
50 days. One cm" blocks of tissue containing the samples were excised from 
freshly kill : -rabbits, fixed in buffered 10% formalin, and embedded in 
paraffin. Ti.e paraffin blocks were chilled and sectioned at six microm-
etors th,rough a representative interface of tissue and implant. Sections 
Et'irvcfiri Trie-; Sonierville. NJ. 
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were prepared with the Gomori one-step trichrome stnin (5) to demonstrate 
collagen. Aniline blue was substituted for light green stnin resulting in 
the blue staining of collagen. Other sections, intended for both light 
microscopy and ulLimaLely scamilng electron rr.icror^copy, vcre cizilarly 
prepared with the exception that no coverslip was applied. 
These samples were adhered to alii"inur.'. stubs with colloidal silver, 
sputter coated with 300 R of gold by a Polaron Instruments SICM coating 
instrument (Unit E51000), and observed at 5-20 ke\ in a JE0L-U3 SEM. 
Histological Evaluation 
Several histological features were chosen to be evaluated for each 
implant specimen. These included: the number of inflammatory cells per 
field around the implant surface, the total depth of the encapsulation, the 
amount of ingrowth into the polymeric specimen, the degree of muscle cell 
deterioration around the imrplant, and the am.ount of fat encircling the 
implant. Samples stained with the Gomori trichromie stain were used for the 
analysis although parallel preparations of hematoxylin and eosin-stained 
samples were used as a basis for the identification of cell types. Then, 
the parameters were quantified as follows. 
Monocyte derived cells were counted in a circular area of sample equal 
to 20,000 square micrometers, which, war: biscctcd by the interface of tissue 
and implant. Measurements were taken at four sites, two from, both of the 
long sides of the implant. The disc shaped implanus appeared rue Cangu]a r in 
cross section, and the long sides of the rectan\_,le were used as the 
characteristic interfnce. Both ends of the rectangle often demonstrated a 
higher dep^ree of reactivity due to the stress concentration there. 
Total encapsulation response 
The "healing in" process of a foreign body reaction includes both the 
initial inflar^inatinn and the subsequent collagen deposition. In the case 
of the paravertebral muscle iir.plantations done here, a course froin healthy 
muscle to the center of the polymeric implant would pass through a layer of 
degenerating muscle, a collagenous layer whose cell population is primarily 
fibroblasts, an inflammatory cell layer and in some cases a final monolayer 
of cells which arc of an endothelial nature. The total encapsulation 
response is the measured distance from the outermost edge of the collage­
nous layer to the innerm.ost cell layer, which may be at the surface of the 
implant or may have considerably penetrated the material. Measurements 
were taken at four sites, two from, both of the long sides of the implant. 
Collagenous portion of capsule 
As described above, the collagenous layer nas primarily fibroblasts as 
its cellular eleii.eats and represents a connective tissue layer. This layer 
stains light blue in the Comeri preparation and is usually distinguishable 
from the inner inflammatory layer in that the latter stains dark blue. The 
collagen is often more diffuse than in normal granulomatous reactions (o). 
when viewed wit'i a polarizing microscope, the collagen is only slightly 
refractile, suggesting immaturity or incomplete organization. The layer is 
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Amount of ingrowth 
The penetration of tissue, measured from the outer edge of the polymer 
to the innermost layer of cellular activity, was recorded for four sites, 
two from both of the long sides of the implant. 
Muscle cell deterioration 
A zone of muscle surrounding the implant often demonstrated an 
increase in the number of centralized nuclei, a proliferation of inter­
fascicular connective tissue, and swelling or waviness of muscle fascicles. 
These properties are often indicative of localized trauma. The condition 
of surrounding muscle was graded according to the fclicking scale; 
1. Deterioration extends completely around the implant to a distance 
greater than 750 micrometers. 
2. Deterioration distance is less than 750 micrometers but greater 
than 250 micrometers for a representative amount of sample. 
3. Deterioration does not exceed 250 micrometers but more than half 
t!?.e SSTTiri® s An-TTOUTided. 
4. Less than half the sample is surrounded by less than 250 microm­
eters of deterioration. 
Amount of fat 
A layer of fat cells filled with lip'-n Tnaterial was often observed 
peripheral to the collagenous portion of the capsule. This was graded and 
recorded in the following manner : 
1. No fat cell layers. 
2. Fat cells on one side or both ends. 
41 
3. Fat cells on any three sides. 
4. Fat cells completely surrounding the capsule. 
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RESULTS 
Sample fabrication and histological evaluation data are presented in 
Table 1. The information presented in Table 1 includes fabrication and 
tissue response information. The following emphasizes observations first 
for fabrication considerations (controls, chemical grafted, and radiation 
grafted) and then for tissue response characteristics. The discussion 
follows the sample listing in Table 1. 
Uncoated silicone rubber (shown in Figure 1) was used as the control. 
Like all of the samples with silicone rubber substrates, it had the small­
est amount cf collagen in its capsule at 90 days (the thickness of the 
collagenous portion of the capsule is plotted against days of implantation 
in Figure 2). This pattern in collagen thickness at 90 days was seen for 
all materials listed in Table 1. Several samples had a 30-day collagen 
value that was higher than either the 10-day or 90-day value. 
The basic character of the silicone rubber substrate as observed in 
the SEM vas net found to change with I?N fabrication procedure (7). Simi­
larly, the inclusion of the NV? with cue HEl-IA in the radiation technique 
produces a surface penetration effect, and the basic microstructure was 
left intact (8). An example of these material types where fabrication did 
not alter the surface texture is the silicone rubber substrate impregnated 
with 20% HEMA and 1.5% EGDM by the IPN technique. Figure 3 is a low power 
j-ight micrograph ox the implant at 30 days showing che increased collagen 
deposition and tissue reactivity at the ends of the implant compared to 
that at the sices due to mechanical stress variations. The layers of 
Table 1. Sample faljricatjon and liistc<.\ogical evaluation data 
Sample, 
fabrication 
Collagen 
thick- Capsule 
Graft. Water Days ness thickness 
% % implanted pm pm 
Silastic,, 10 36 -t- 4 59 -l- 12 
Control 30 8 H- 2 14 + 3 
90 5 T 1 8 + 2 
Silafil.J c, 8 40 10 14 4- 3 19 4- 6 
20% II);MA. 30 38 + 13 44 4- 13 
1.5% I'.GDM , IPN 90 5 ] 7 + 2 
Silastic, 11 38 11) 28 + 15 39 4- 15 
10% IIIMA, 30 17 15 24 + 15 
0% EGDM, IPN 90 7 + 4 17 + 3 
Si]astic. 2 44 ID 17 •h 3 25 4- 5 
10% Hl'lMA, 10% NVP 30 13 •1 0 17 4- 3 
Rad iation 9') 8 -t- 3 17 + 4 
Silastic, 3 30 1) 14 + 8 22 4- 8 
20% IŒMA, 1.5% I'XJDM 3) 30 •H 17 61 4- 22 
Radiation 91 9 + 4 13 4- 0 
Silastic, O 35 13 63 H- 33 78 4- 45 
20% HEMA, 2.0% K(ÎDM 30 27 + 28 53 4- 21 
Radiation 90 11 6 22 + 6 
Silastic ; 4 45 10 48 + 26 66 4- 18 
15% HIÎMA, 5.0% NVP 
Radiation. 
30 
90 
86 + 52 
20 + 13 
103 + 39 
23 + 16 
Inflam-
Ingrowth ma tory 
thickness cell Fat Muscle 
pm count score score 
0 4- 0 28 4- 5 1 2 
0 + 0 8 4 5 2 2 
0 4- 0 7 + 2 3 4 
0 4- 0 14 4- 7 1 3 
0 4 0 8 4- 2 1 1 
0 4- 0 3 + 2 3 4 
0 + 0 24 + 10 1 3 
0 4- 0 15 4- 3 2 3 
0 4-' 0 17 + 9 3 3 
0 4 0 20 4 10 1 2 
0 4- 0 11 + 4 2 2 
0 4- 0 8 + 2 - -
0 4 0 10 ± 6 1 3 
0 4- 0 2 + 1 2 3 
0 4- 0 3 4-" 2 2 4 
0 4- 0 34 4- 14 1 2 
0 4- 0 31 + 13 2 2 
0 4- 0 17 4- 10 4 3 
0 4- 0 27 4- 16 1 
0 4" 0 26 ± 18 2 
0 + 0 13 4- 9 2 
3 
2 
3 
W 
Ta!) Le 1. (cont Lmiecl) 
Collagen 
thick-
Sample Craft Water Da> S! ne&s 
fabric zation % % implc nted yni 
Hulk, 1(1 23 -t- 6 
20% HI-MA, 2.0% KGDM 30 13 + 7 
Radiât ion 9(1 8 ± 3 
Dacron, 163 201 10 32 -f- 9 
20% IlIMA, 1.5% KGDM 30 13 -t- 5 
Radiat ion 90 13 ± 7 
Bu I k, 10 55 -1- 29 
20% HI\MA, 1.5% EGDM 30 16 ±  1 2  
Radiat ion 90 34 + 12 
Dacron, 12R 152 10 75 -t- 76 
20% III;MA, 30 25 ± 9 
1. 5 I'XIDM, IPN 90 18 + 6 
Inflam-
Capsule Ingrowth matory 
thickness thickness cell Fat Muscle 
ym pm count score score 
234 + 94 47 + 21 30 + 9 1 
44 4- 22 20 4 9 19 + 9 1 
66 + 25 38 4- 9 71 4- 17 2 
220 + 94 163 4- 83 46 4 13 1 
119 + 47 91 4- 45 37 4- 10 2 
175 H- 79 125 4- 61 71 4- 12 3 
106 -1- 65 23 4- 26 43 4- 15 1 
42 + 13 35 4- 16 15 4- 6 2 
48 + 13 42 ± 34 24 ± 12 3 
750 + 228 700 + 191 54 + 23 1 
688 125 606 4- 108 67 4- 7 1 
644 + 105 631 4- 83 56 + 7 2 
Figure 1. SEM of uncoated silicone rubber (scale bar = 10 pm), 25 keV, 
30° tilt 
Figure 2. Collagen in capsule of control 
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Figure 3. LM of 20% HEMA, 1.5% EGDM IPN in silicone rubber sample at 
30 days (scale bar = 1 mm), lower left represents increased 
encapsulation due to mechanical stress (arrows) 
Figure 4. LM of 20% HEliA, 1.5% EGDM I?N in silicone rubber sample at 
30 days (scale bar = 100 'jm) . A is implant, B is inflammatory 
cell layer, C is collagen layer, and tissue is D 
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A densification of the capsule, which may account for the decreased thick­
ness commonly measured at 90 days, progressed toward 90 days. Figure 5 
shows the capsule around a 20% HEMA, 1.5% EGDM, IPN silicone rubber sample 
at 30 days. At 90 days, shown in Figure 6, the capsule is of a denser 
arrangement. The organization of a high density capsule for the 10% HEMA, 
10% NVP, radiation-grafted silicone rubber sample at 90 days is shown in 
Figure 7 (tissue face which was in apposition with the polymer). 
The radiation treatment without ITT? results in a coating of the sub­
strate as shown in Figure 8 for 20% HEMA, 1.5% EGDM radiation grafted onto 
silicone rubber which has a different general surface character than in 
Figure 1. The resultant capsule in Figure 9 is typical of low density 
organization features seen for 10-day specimens. 
Figure 10 shows the condition of the bulk porous hydrogel material 
prior to implantation. An open three-dimensional network (interstices of 
the order of 50 micrometers and less in diameter) is present within the 
polymer. This sample was fabricated with 20% HEMA and 1.5% EGDM using the 
radiation polymerization technique. The nature of tissue ingrowth and 
encapsulation is presented in the SEM micrograph. Figure 11. This view 
shows the bulk hydrogel-collagen interface in cross section. The bulk 
hydrogel comprises the left half of the image, and the dense, organized 
collagen capsula is tc the right. At the interface, there is of 
the collagen by some ingrowth into the bulk polymer ('^ 30 vm penetration) . 
The hydrogel resulting from the radiation polymerization of 20% HEMA, 
1.5% EGDM within the Dacron velour is shown in Figure 12. The openings 
among Dacron fibers have been packed by hydrogel deposited during the poly­
merization = The nature of the encapsulating tissue at 30 days implantation 
Figure 5. SEI4 of 20% KEî-lA, 1.5% EGDM IPN in silicone rubber sample at 
30 days (scale bar = 5 ym) , face A was in contact with implant 
surface, 10 keV, 40° tilt 
Figure 6. SSM of 20% KEMA, 1.5% EGDM iPIn silicone rubber sample at 90 day 
( 
scale bar - 2 ym). face A was in contact with izglant surface, 
s onO ' 
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Figure 7. SiCX of 10.':' îiEMA, 10"  NVT, silicone rubber radiât ion-;; rafted 
sample at yO days (scale bar = } s ho. "inn; fa.ce that vas 
in contact v.-itii tl'.e iinpjant, 15 keV, 20 tilt 
Figure S. SEN of 20% 1.5% EGDM, radiaCion-%rartcd cn silicnr^ ruhrer 
sa~plc before ir.-.pl antation (scale bar = 10 ur.O , 10 keV, no tilt 
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Fi?;ure 9. SEM of r.npsulc around 20% H EM A, 1 . 5 Z EC DM. radia t ion-graf t ou 
onLO silicone rubber at 10 days implantation (seale bar = 5 
implant vas in contact \vitii the upper surf ace (arrow) ; tissue 
is seen from a sice view, 10 keV, 30 tilt 
ngure lU. ic.-i oi oujuK n.ycrog&i poiymer composer Oi. iw/.- , i . 
radiation-initiated polymerization [scale bar - iO ;;m.) , 
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Figure 11. SF.M of c.apsule around bulk polymcr composed of 20Z RF.MA, 1.5% 
KGDM, radlaLion-inifiat'cd polyniorixation (f.cale bar = 10 i; m) , 
arrow indicates the interface between bulk hydrngcl and col­
lagen, 10 keV, 10° tilt 
Figure 12. Si^M of 20% 1 .5 % FGD/Î, radiation-ir.i tinted poTyr^er "i za t i on 
into the Dacron velou.r network before iraolantat ion (scale 
bar = 10 kcV, 30^^ tilt 
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period is shown in I'igure ]3. The field of view shows the hydrogcl packed 
within the Dacron fiber network (top two-thirds of photograpli) . In this 
cross section, the Dacron fibers ('^ 15 pin in diameter) are seen as short 
cylinders. The rollajjen capsule ('^ • 30 iini thick) and tissue arc located S.n 
the lower third of the photograph. The infl.amniatory cell count at the 
three harvesting times is graphed in Figure 14 (data in Tabic ]). The cell 
count increase at 90 days is probably due to a fragmentation of the hydro-
gel that fills the Dacron network. 
The IPN hydrogel-Dacron composite has considerable ingrowth at 10 days 
('V 700 ym) that was maintained in thickness through the 90-day implantation 
period. Figure 15 shows the nature of the infiltrating tissue around 
Dacron fibers. Tissue penetrates into the hydrogel. Small areas of 
hydrogel are enc.-psul^ted.. The Inf] amraatory cell count is higher for thes( 
samples compared wi.th the radiation-initiated polymerization within the 
Dacron fabric. The IPN system is more open than the radiation-initiated 
polymerization system and therefore ingrowth occurs more rapidly. Since 
the hydrogel is more susceptible to fragm.entation in the case, there 
an early encapsulation of hydrogel, and thus a high inflammatory cell coun 
is observed continuously through the 90-day im.plant period. 
Figure 13. SEM of 20% KEMA, 1.5% EGDM, radiation initiated polymerization 
in the Dacron velour network at 30 days implantation (scale 
bar = 50 ]im) , A is Dacron, B is hydrogel, C is collagen, and 
D is tissue, 5 keV, 40° tilt 
Figure 14. Inflammatory cell population for implantation of 20% KEÎ-ÎA, 
1.5% EGDM, radiation initiated polymerization of hydrogel 
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CONCLUSIONS 
While many approaches have been used in the attempt to define the soft 
tissue response to hydrogel implants (9, 10, 11, 12), the resultant data 
have not conclusively demonstrated the roles of certain parameters such as 
water content and porosity. Barvic et al. (12) defined three categories 
of response dependent on porosity (which was a function of water content of 
starting material). Sprincl et al. (9) found that higher porosity produces 
narrower capsules. Gilding et al. (11) report no ingrowth for samples with 
<90% water in the final gel. 
In an attempt to investigate the range cf responses of soft tissue to 
hydrogel implants, we have used a protocol (4) which satisfactorily demon­
strated a range of degrees of encapsulation and ingrowth as shown in 
Table 1. The study confirmed that no chronic inflammation or other patho­
logical condition that would exclude the materials from biomedical applica­
tions resulted. 
The time and nature cf the healing process that occurs after implanta­
tion of specific polymer materials can be affected by the choice of 
material substrate and hydrogel formulation. Implant studies over a 90-day 
period for Dacron and for silicone rubber substrates coated or impregnated 
with hydrogel suggest that several major parameters can be varied to meet 
specific site and design requirements: degree of ingrowth, thickness of 
capsule, and inflammation. These parameters may be controlled according to 
fabrication conditions. 
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DISCUSSION WITH REVIEWERS 
C. C. Haudenschild: Is thei • a. possible release of toxic material (e.g., 
methanol) incorporated into the hydrogels during fabrication which could be 
responsible for some of the tissue response? 
Authors: With both the radiation and chemical grafting methods, the bulk 
hydrogel polymer and the substrates with residual hydrogel coatings were 
rinsed in an ethancl/water (50/50 V.%) solution (3 rinses over 24 hours) to 
remove any unreacted monomer, crosslinker, and solvent. Samples for graft 
and H^O percent determinations were stored in distilled water. Samples for 
implantation were stored at least 24 hours in sterile physiological saline. 
C. C. Haudenschild: How are the hydrogel-impregnated implants sterilized? 
Authors : Prior to implantation, 5 Hm disks of the test materials in phys­
iological saline were steam autoclaved at 12l°C, 15 psi for 20 minutes. 
C. C. Haudenschild: For practical purposes, what technique would you 
chcGSC if an implant with maximum anchorage, i.e.- best collagen ingrowth, 
is desired? 
Authors : The Dacron fabric prepared by the chemical cr the radiation 
grafting methods allowed for the maximum amount of collagen ingrowth (and 
thus anchorage) compared wich the other materials tested in this study. 
C. C. Haudenschild: How strong is the adhesion between the hydrogel and 
the Silastic or Dacron, respectively, as compared with the adhesion between 
unccated Dacron fibers and collagen? 
Authors : We did not measure the adhesion properties. 
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B. D. Ratnor: Dow does the healing response to the hydrogel impregnated 
Dacron velour compare to the healing response for nonimpregnated Dacron 
velour materials as studied either by yourselves or by others? 
AuLliors : la studies of both subcutanc.cuc and intraz^ccular implants in 
rabbits, noiiirnprGgnatod Dacron rr.atcrialr: have been observed to elicit a 
dense fibrous capsule and some chronic inflammation (Lee, H. and K. 
Neville, Handbook of Biomedical Plastics, Pasadena Technology Tress, 
Pasadena, CA, p. 14-9, 1971). Davila and co-workers (Davila, J. C., E. Y. 
Lautsch, and T. E. Palmier, "Some Physical Factors Affecting the Acceptance 
of Synthetic Materials As Tissue Implants," Ann_. N.Y. Acad. Sci. , 1^6, pp. 
138-147, 1968) have found that Dacrcn felt implants which are 13-1/2 months 
old show a loosely fibrous (collagen) organization of a capsule around each 
Dacron fiber. A few nuclei of fibroblasts are seen in close proximity to 
the Dacron fibers. Arterioles, venules, and capillaries invaded the inter­
stices of the felt. Arterioles no larger than the plastic fibers are 
abundant and in close proximity to clumps of fibroblasts which form, and 
ma^nca^n i. lljlh x-.-h^ C-h tuc ^acron z3 cnm.ccacd-
Ir. a similar fashion, the encapsulating tissue of the hydrogel-Dacron 
composite materials was found tc be a loosely fibrous organization with 
fibroblasts surrounding been Dacron fibers and small areas of hydrogel. 
The depth, of fibroblast and collagen penetration was found to depend on 
grafting technique. The IPX chemical grafted hydrogel-Dacron composite had 
considerable ingrowth at 10 days ("^ 700 pm.) compared with the radiation 
gralted inatorJal which had ingrowth of approximately 120 pm. The IPX 
system, was iuore m.acroporous and more susceplIbit; lo fragrucnLation of th.c 
hydrogel than the radiation grafted cyr.lcm. This permits significant 
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ingrowth and may account for the increase in inflammatory cell count. Some 
vascularization of 90-day implants was noted especially in the hydrogel-
Dacron composite materials prepared by the IPX method which had evidence of 
small vessels at 10 days within the fibrous capsule layer. No serous 
exudate nor calcification was evident in any of the implant materials of 
this study. 
B. D. Ratner: No attempt was made in the discussion section of this paper 
to compare the tissue responses noted for the various nonporous materials. 
Do you feel that significant differences were observed between these mate­
rials? Can you attribute these differences to mcncmar composition, cross-
linking density, water content, graft level, etc.? 
Authors : The noaporous materials, both the hydrogel coated and uncoated 
silicone rubber, showed no significant differences in the categories of 
tissue response which were evaluated and presented in Table 1. No defini­
tive conclusions were stated as to particular factors which may contribute 
to the tissue response for these implanted materials since the evaluated 
response to the coated and noncoated nia-cerials was very similar. 
V. F. Holland: Please indicate which SEN micrographs are of sections, thin 
films, or bulk samples. 
Authors : Specimens for the light micrographs (Figures 3 and 4) were 
sectioned az six micrometers. Bulk samples of uncoated silicone rubber, 
hydrogel prepared by the radiation method, and Dacron velour impregnated 
with hydrogel were used for the SS-l micrographs (Figures 1, 10, and 12). 
Figure S is an S EM u.ic.rr;graph cf a thin film coating of hydrogel on a 
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silicone rubber sample. Figures 5, 6, 7, 9, 11, 13, and 15 are SEM micro­
graphs of samples prepared by 10 urn sectioning. 
J. J. Rosen: What precautions and/or controls have been employed to 
account for shrinkage, cutting angle, section thickness variation? 
Authors : The histological measurements were taken with a light microscope 
on samples prepared by standard light microscopy techniques. Minimal 
shrinlcage artifact is believed to occur in trie preparation of these glass 
slides. The samples observed in the SEM do undergo some shrinkage because 
they are not covered with a glass coverslip after staining and hence under­
go air drying before they are coated with gold for SEN observation. The 
priorities of this work were first of all to determine the general level of 
biocompatibility and, secondly, to assess the range of responses as regards 
the degree of encapsulation and the amount of ingrowth. In this context, 
the qualitative nature of the SEM work was sufficient to demonstrate the 
nature of the collagenous portion of the capsule. 
Samples wpre visnally aligned in the Tnlcrotome to achieve a perpendic­
ular cut. The section thickness depends on Che cosine of the cutting 
angle. Therefore, an alignment error of up to 30° amounts to only about 
15% error in th.e reported capsule thickness. Actual alignment errors are 
expected to be on the order of 15° or less giving a capsule thickness 
measurement error of only 4% or less. 
Section thickness did vary from about 5 micrometers up to 3 micro;;;-
cters but was not considered to be a critical eflector of artifact. 
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Other sainp3e preparation techniques, such as freeze-fracturing, 
freeze-etching, or freeze-drying, could be employed to further pursue the 
microstructural relationship of implant to tissue. 
J. J. Rosen: Based on your observations of the ^  vivo response to these 
materials, can you suggest a model that will describe the specific inter­
actions between the inflammatory cellular response and the materials 
parameters varied at the implant site? 
Authors : The vivo response to these implanted materials was used to 
determine the extent of possible chemical interactions between host and 
implant as a result of possible cytotoxic moieties released to contiguous 
tissue. All the materials tested showed no acute cytotoxic activity. 
Implant stability (mechanical integrity and properties) was determined to 
depend on substrate and hydrogel polymerization methods. The Silastic 
composite materials were surrounded by a thin, dense encapsulating membrane 
of collagen with little suggestion of tissue ingrowth. The cellular 
reaction to the Dacron composite materials suggests that fibroblasts, 
macrophages, and small blood vessels can advance into the Dacron-hydrogel 
composite material due to the filamentous nature of the Dacron velour and 
the relative porosity of 10-50 micrometers and low mechanical strength of 
the hydrogel filling the Dacron interstices. 
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ABSTRACT 
Hydrogels consisting of I'HEMA (polyhydroxyethyl methncrylate) alone or 
copolymerized wiLh PNVP (poly-n-vinyl pyrrolidone) arc incorporated into 
silicone rubber tubing to produce hydrophilic composite materials. Poly­
merization methods of the interpenetrating network (IPN) and radiation-
induced type are used to impregnate the silicone rubber substrates. This 
produces materials of varied wettability (contact angle with water from 57° 
to 95°) but with similar texture. Thus the microstructure (as observed in 
the scanning electron microscope) is the same for all the materials. 
Tests of four types of composite material and two sizes of silicone 
rubber control tubing in a total of 19 dogs are reported. The materials 
described are used as ^  vivo femoral artery-to-vein shunts and are sampled 
at 5, 15, 30, 45, 60 minutes. 
Data obtained by using scanning electron microscopy (SEM) are used to 
determine the type and amount of adhering blood cells at the intervals 
described. platelet aggregrates and/or a variable initial response 
are found to be predictors of shunt failure (occlusion). Most samples show 
only varied levels of platelet adhesion, but other ceil types arc seen in 
some samples. The adhesion is found to peak in all cases by 30 minutes and 
reach lower levels by 60 minutes, suggesting that an initial phase of reac­
tion is com.oleto. The course of ulatelet adhesion is presented for a 
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INTRODUCTION 
While controversy has developed over the role of surface chemistry and 
surface microstructure as effectors of thromboembolic processes, there is 
general agreement that some materials fare better than others when used in 
the cardiovascular system. This success probably depends on the properties 
of the material, the surgical technique, the condition of the recipient, 
and the site of implantation. In an attempt to isolate one variable of 
^rnn^rtics, wettability, %;e have incorporated pelyliyc 
inethacrylate (PHEMA) and poly-r.-vinyl-pyrrolidone (PNVP) into a silicone 
rubber substrate to produce a series of materials with variable wettability. 
PHEbLi, a hydrophilic polymer, can be radiation grafted as a layer onto 
silicone rubber (1, 2) or heat polymerized within the silicone rubber 
matrix (3). PNVP can be similarly polymerized or copo]ymerized with 
PHEMA (1, 2). However, as Ratner and Hoffman have observed, when PKVP is 
used, the hydrogel can be deposited into the surface rather than as a layer 
on the surface (2). We have found this to be true on examination with the 
scanning electron microscope (SEN). Similarly, for low amounts of cross-
coating effect. Examples of some of these composite materials are shnwr, in 
Figure 1. Figure lA shows the silicone rubber texture before hydrogel is 
graft is in t'r.e surface. Figure iC shows a similar material, but when 
th.e crosslinki.r-g agent is increased to 3%. a coating effect is observed. 
A variety of other microstructural features can be imparted to a sub­
strate bv the .irîdition n f livdro'?ol into or onto ^ol'^'etbvl ene. no] votbvl one 
Figure lA. Silicone rubber substrate (scale bar = 5 
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Figure IB. Silicone rubber substrate, radiation-induced polymerization of 
20% HEMA, 0% EGDM (added). 3.7% graft, 40% water imbibition by 
graft. This monomer lot has 0.2% EGDM present as an impurity. 
(Scale bar = 10 vim) 
irxgure _Lv. bixicone ruooer suostrate. • j —'  ^•»  ^^ /-» v /"s f .*«4 ^ ^  ^— MM W. s.,' ... w ^  
20% HEMA, 3% ethylene glycol diiaethacrylate crosslink (EGDM) 
added. 10,5% graft, 32% water imbibition by graft. This 
monomer lot uas 0.2% iiULîM present as an impurity. (Scale bar = 
10 urn) 

7S 
terephthalate velour, and silicone rubber (4) . We chose to test PHEIA. and 
PNVP with silicone rubber composites because by varying the amount and type 
of graft present, the wettability can be varied and the basic microstruc­
ture preserved. 
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BACKGROUND 
Upon exposure to whole, flowing blood, most materials are rapidly 
coated with a layer of blood proteins (including albumin and fibrinogen 
(5). Andrade has argued that a hydrophilic surface with its low surface 
free energy should promote favorable interactions between the biomaterial 
and blood (or other tissues) (6). Hoffman has suggested that the conforma­
tion of these adhering proteins may play a role in the blood compatibility 
of a material: a hydrophobic surface, which favors adhesion by placing 
considerable strain on the native protein conformation, could trigger 
proclotting events: a hydrophilic surface could support protein adhesion 
without major conformational changes and possibly promote more favorable 
blood/material interactions (7). More recently, Solomon et al. have 
suggested that collisions of platelets with the walls of test materials 
leave varying amounts of proteins behind; these proteins may "cushion" 
further platelet/wall interactions (8). Hoffman's conformation arguments 
could also hold for these platelet residues» which, in turn, would present 
a more or less denatured material to subsequent blood elements. 
Using a femoral arterial-to-venous shunt. Barber has shown that an 
initial phase of the interaction between blood and material is completed by 
about 30 minutes; at this point embolic processes predominate (realized as 
a decline in the population of labeled protein and platelets} (y). 
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leukocytes followed by a minimal thrombus coat (10). This leukocyte adher­
ence and spreading was also evident by 30 minutes. 
There are two major factors of interest in the following studies: 
that hydrophilicity may represent a favorable characteristic for a bioma-
terial and that an indication of the fate of a blood-biomaterial interface 
may be derived from events occurring in the first hour of contact. These 
hypotheses are investigated by recording the course of blood cell deposi­
tion over the 60-ininute period and by investigating the nature of the 
processes occurring. 
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MATERlALS 
Test Samples 
FabrJ cation 
Test samples for the determination of percent graft, water imbibed in 
graft, and contact angle were made from ]. cm x A cm strips of silicone 
rubber sheeting (Dow Corning 500-5, Lot number HH0699, 0.05 cm thick). 
These were ultrasonically washed for 10 minutes in a soap solution (Ivory 
Flakes) and rinsed for 10 minutes in distilled water. Radiation polymeri­
zation was carried out by suspending the strips in test tubes (Pyrex), 
bubbling nitrogen gas tb.rough the solution to reduce the oxygen content, 
adding the monomer concentration of interest (0-20% of 2-hydroxycthyl 
methacrylate (tîFJ-ÎA) from Alcolac,^ 0-20% of n-vinyl-2-pyrrclidone (NVP) 
from Alcolac) in cither 15 or 30% methanol solution and delivering 
0.25 Nrad of y-irradiation from a Cobalt-60 source. The interpenetrating 
network (IPN) type polymerization was achieved by preswelling, the strips in 
boiling xylene and then placing them in the monomer solution (20%- liEMA, 
0% NV?, 5% ethanol, in xylene) for up to 12 hours at 135°C. All samples 
were washed in ethane] and distilled water and stored in distilled water. 
:iot 
Samples to be used for graft and water imbibition measurements wc 
. g r» o d 
water imbibed v.'cigl'.t of liie composite ('.-."w) . This wet weight (Ww) was 
deteirmined by bloiL^ng the wet sar.iple between sheets of filter paper 
The particular h KM A monomer lot contains 0.2% Ef.DM as an impurity, 
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(Whatman #1) for 5 seconds and then weighing it immediately. The samples 
were then placed in a vacuum desiccator (over Drierite) for 24 hours and 
weighed to give the weight of the substrate plus the hydrogel graft (Wg). 
Using the initial weight of the subsLxrace (wi) , che water imbibed weight 
(VJw), and the weight including the graft (wg) , the graft % and the water 
imbibition % can be determined as follows: 
X 100% = graft % 
X 100% = water imbibition %. 
Wg-Wi 
It should be noted that the water imbibition % represents water taken up by 
the composite material expressed as a fraction of the weight of the hydro-
gel added to the substrate. 
Contact angle determination 
A laser light source (Métrologie >fL620; was directed through an aper­
ture and converging lens to pass through a drop of water (approximately 
4 X 10 milliliter) whien had been deposited with a 27 gauge needle on the 
water imbibed, blotted surface of interest. A second lens and mirror were 
used to focus the image onto a screen for recording the image photographi­
cally. Figure 2 shows an example image. The angle of contact was measured 
directly from each photograph at the two sides visible. These two values 
were averaged to eliminate side-to-side misalignment in the system. Three 
samples of each material type were measured to give the angle and standard 
deviation values. 
Figure 2. Drop of water on hydrcgcl-coatcd silicone rubber sai?.ple (10% 
HEMA, 10% NVP, 15% methanol solvent) for contact angle determi­
nation; arrow points to angle of contact between drop of water 
(A) and substrate (S) 
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Shunt Samples 
The shunt tubes were fabricated in a manner analagous to that presen­
ted for the test sample. Two-foot long sections of silicone rubber tubing 
(Dow Corning, 602-305, 0.20 cm x 0.32 cm (i.d. x o.d.). Lot number tiH3779, 
or 601-325, 0.25 cm x 0.49 cm, Lot number H079700) were impregnated with 
HEMA by submersion in the hot monomer solution for the IPN method or were 
filled with monomer solution, tied closed at both ends, and exposed to the 
radiation source for radiation-induced polymerization. 
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METHODS 
Blood Data 
Healthy, mongrel dogs weighing between 15 and 20 kilograms were used 
for the ex vivo shunt experiments. The following data were recorded for 
each dog: weight, sex, hematocrit (HCT), activated coagulation time (ACT), 
and platelet count. 
Hematocrit was determined through venapuncture by allowing venous 
1 
blood to fill a capillary tube (Capiletè^centrifuging the tubes (Adams 
2 
Microhematocrit Centrifuge), and reading the percentage hematocrit 
^ c —» — 4-  ^ o +• /^  /^  >" T f- t*! A t? o o o \ 
 ^ i- d. V» ^  .A. I—  ^ S_ ^  V/ W W N.. A. WW W A Vi» •./ » V  ^/ 9 
Activated Coagulation Time was determined through venapuncture by 
allowing 2 milliliters of blood to fill a vacuum tube containing 12 milli-
3 
grams of siliceous earth (Vacutainer #3865), incubating the container at 
37°C, and recording the time required for the first clot to appear. This 
technique was developed as a screening method for the detection of clotting 
defects (11) but is not sensitive to facrnr VTT deficiency nor does it 
measure platelet activity. 
3 
Platelet counts were made with the Platelet Unopette^ method which 
consisted of collecting a sample of venous blood in an EDTA (ethylene 
diamine tetraacetic acid) containing vacuum tube, diluting a sample of this 
blood into the ammonium oxalate solution, charging a hematocytometer with 
"Scientific Products, 54415-lA, HicroKematocrit Capillary Tubes, 
American Hospital Supply Corporation, Evanstcn, IL. 
^Clay Adams, Inc., NY., NY. 
3 
Becton-Dickinson of Becton, Dickinson, and Company, Rutherford, NJ. 
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the diluted blood, incubating for 10 minutes, and counting the platelets in 
the center square of the heinatocytomcter. 
Surgery 
The dogs were fasted overnight and anesthetized vith sodium pentobar­
bital (29 nîg/kg). Presurgery blood values were determined at this time. 
The femoral artery of the left leg and the femoral vein of the right leg 
were exposed. The samples of tubing for the shunt were introduced with 
sterile technique although since the subjects were not intended to survive, 
the remainder of the experiment was performed as clean surgery only. The 
distal femoral artery on the left side was tied off as the shunt sample was 
introduced into the artery and tied in place by placing a ligature around 
the outside of the vessel. The distal portion of the vein on the right 
side was tied off as the shunt was tied in place there. This produced 
ex vivo flow from artery to vein in a manner similar to that employed by 
Barber et al. (9) with the exception that two incision cites were employed 
nere -
Flow was monitored throughout the experiment by the use of a flowmeter 
1 
(Biotronex BL610)."^ This required calibration by direct collection of 
blood from, th.e vessel at the termination of tlic experiment. Sampling was 
done at 5, 15, 30, A5, 60 minutes by clamping the proximal artery, infusing 
Tyrode's Solution" through a muscular branch of the artery previously 
cannulatcd with an 15 gauge needle, then clamping une distal end of 
Biotrcncx Laboratories, Inc., Silver Springs, MD. 
^Tyrrdc's Soiuri.o'i (S g , 0.2 g KCI, 0.2 g 0.1 g HgCl 
0.05 g 1.0 g 1.0 3 Glucose in 1.0 litcr^of 
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the shunt by using a larger diameter tube as a cuff, and allowing flow to 
commence again. The Tyrode's Solution was infused at a rate not exceeding 
the measured flew for the specific dog. A volume of approximately five 
times the volume of the shunt was employed for the rinse. 
The sections of the tube were rinsed briefly in Tyrode's Solution and 
then placed in phosphate-buffered glutaraldehyde which was slightly hyper­
tonic.^ 
Scanning Electron Microscopy 
The tubes were cut longitudinally to produce three sections. These 
sections were dehydrated with a series of ethanol rinses (30. 60. 90. 100, 
100%—15 minutes each), critical point dried with CO^, mounted to facili­
tate en face viewing of the lumenal surface, sputter coated with 300 
Angstroms of gold, and examined in a scanning electron microscope (JEOL-IB) 
at 15-25 keV. Micrographs made at a magnification of 1000X were used to 
perform platelet counts. Higher magnification was used to investigate the 
condition and attachment of cell; to the surfaces. Lower magnifications 
were employed to observe the homogeneity of blood element deposition. 
""Fixative (975 ml 0.1 M phosphate buffer at pH 7.4, 25 ml 50% Gluta­
raldehyde, approximacely 570 tnilliosTnols/liv er} . 
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results/discussion 
Materials 
The relative contribution of PHEMA and PNVP to the properties of the 
composite materials can be seen in Figure 3. In Figure 3A the relative 
amount of graft retained by the substrate is seen to decline as the frac­
tion of PNVP is increased. In Figure 3B the amount of water retained by 
the graft is seen to increase as the amount of PN\T increases. The contact 
angle minima (shown in Figure 3C), representing the maximum reduction in 
the hydrophobicity of the silicone surface for this system, occurs at a 
mixture of Pir/? and PHEMA. This is probably attributable to the effect of 
PNVP on the degree of surface penetration of the hydrogels. While PNVP 
demonstratably increases water imbibition, it simultaneously promotes pene­
tration of the substrate and reduces the amount of graft retained by the 
substrate. The parameter of interest becomes surface availability of 
hydrophilic groups. Since the 15% methanol solution promoted both amount 
of graft and a reduction in contact angle, it was used as the solvent for 
preparation of the shunt samples. 
Contact angle values for the IPN samples were found to vary between 
85 and 95% for the samples tested. This variability may be due to irregu­
larities in the penetration of hydrogel. 
The silicone rubber controls were found to have a contact angle of 
79°-i-i .1 (n = 5) . 
Figure 3A. Graft % data for radiation grafting 
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Figure 3B. Water imbibition % data for radiation grafting 
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Figure 4A shows the 2300 Jim aren that was used to count platelet popu­
lations. ine niorpuc'logy oi Llie aonorcu p-i-atcj-cts, isspCrCiaj.ly ti>G projec­
tion of pscudopods for al Lach.inent, is well demonstrated in Figure 4R. A 
slight ripple in the surface of the tubing (especially apparent in Figure 
5A) was presevii. in Lliû silicone rubhcr tubing Loth before and after the 
hydrogel was added. These surface features visible in Figure 5 did not 
appear to have a ir.ajor effect on the platelet deposition. In most samples, 
the distribution of platelets on the tubing surface was homogeneous as is 
showTi in Figure 5. While most of these samples showed this type of devel­
opment with greater or lesser populations, most of the micrographs 
presented here are devoted to special patterns of cellular deposition or 
demonstration of courses that led to shunt failure. 
Silicone rubber controls 
Data for the silicone rubber control samples are presented in Table 1 
and Figure 6. Samples number 1-4 represent the 0.20 cm x 0.32 cm tubes, 
and sample number 7 was 0.26 cm x 0.49 cm.. Samples number 1-3, 7 remained 
patent throughout the course of the experiment and showed platelet popula­
tions that had peaked by 30 minutes before declining to low levels by 60 
minutes. Sample nuii'.ber 4 OL-car.ie occluded by 30 minutes. Un examina­
tion this samp] c was different from the ctb.ers in this group; it showed a 
marked variability of response across different areas of examination. 
Figure 7 s!;o'.-"s a platelet-leukocyte pillar which had formée by 5 minutes in 
^11 J, 4^ C-A Mil / -X. * A, L ft V' VV O \_A 14^ y &  &  t  ^  A  4  V  ^  V  '  w  4  •  w .  f  ' y  ^  ^  w  -
Figure 4A. Platelet counting area (50 ym x 50 ym) 
^igure 4û. Platelet counting area 
morphology and distribution (scale ba 
97 
% 
Figure 5. Homogeneity of platelet deposition. 
Figure 5A. (Scale bar = 100 um) 
Figure 5B. (Scale bar =50 ym) 
Figure 5C. (Scale bar = 10 yir.) 
Figure 5D. (Scale bar = 5 urn) 
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TaI).Le 1. Experiment,al data for silicone rubber tubing (controls) 
Dog Sex/ ,, 
number weiglit 
M 
18 kg 
M 
18 kg 
m 
18 kg 
M 
29 kg 
M 
26 kg 
Tubing 
i..d. 0.20 em 
0.d. 0.32 em 
1.d. 0.20 em 
0.d. 0.32 em 
1.d. 0.20 em 
0.d. 0.32 cm 
1.d. 0.20 cm 
o.d. 0.32 cm 
i.d. 0.26 cm 
o.d. 0.49 cm 
Contact angle 
oijo) 
HCT 
before/ 
afterd 
ACT Platelets/ 
before/ mm^ 
after^ before/after 
Approximate 
flow 
7S.0 + 2.2 54/48 55/35 433/260 4.1 ml/sec 
7S.0 + 2.2 61/51 60/60 414/268 4.4 ml/sec 
79.0 + 2.2 40/— 95/-- 395/ 
7 9 , 0  +  2 . 2  4 4 / 4 0  4 5 / 5 0  3 4 7 / 3 0 0  
79,, 0 + 2.2 39/45 80/— 440/-
'Dog number and sample number are the same in all discussions. 
ii3 male; F is female. 
'i.d. is inside diameter; o.d. is outside diameter. 
^'llemtocrit. 
1.9 ml/sec 
2.0 ml/sec (but 
clotted at 30 min. 
with If.ter resto­
ration of flow) 
5.1 ml/sec 
Activated coagulation time. 
Figure 6. Platelet adhestlon to Dill(one rubber controls 
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Figure 7A. Platelet leukocyte pillar 
pillar does not appear to 
face (scale bar = 50 yia) 
on sample number 4 at 5 minutes. The 
proliferate horizontally on the sur-
Figure /D. rlatelet leukocyte pillar on sample number 4 au 5 minutes 
(scale bar = 20 ym) 
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of the tubing and were, in some cases, visible grossly during the course of 
the experiment, especially during the Tyrodo's Solution rinse. A].so, dur­
ing the ïyrode's Solution rinse, a small, reddish streak was sometimes 
visible in the bottom of the tube. This blood residue ;;:ay have contributed 
to tlie initiation of pillar formation and other clotting phenomena which 
were accentuated in this portion of the tubing. Figure 8 represents an 
area of sample number 4 at 4 5 minutes showing the variability of the 
response. Platelets are seen to be aggregated in some areas, leukocytes 
have adhered in certain areas, and some areas are devoid of cells. 
Figure 9 shows the same sample at 60 minutes. Flow was reestablished after 
the 30-rainute Tyrode's Solution rinse, but by 60 minutes the fibrin mat 
seen in the photograph had covered the entire surface of the tube. 
A relationship between ACT and the relative numbers of platelets 
deposited is suggested in this group. The dog (number- 4) with the shortest 
ACT was the only one whose shunt became occluded. This value is more than 
two standard deviations below the mean ACT (77.5 +14.7 seconds) that has 
been reported tor cogs ana could account for the rapid uf 
the shunt. The dog (number 3) with the longest ACT in this group showed 
the lowest numbers of adhering platelets. The trend is seen throughout tiic 
control group: short activated coagulation time predicted high numbers of 
adhering platelets and long activated coagulation time predicted low nuiu-
IFN samp]es 
Samples number 5, 5 acquired approximately 70% hydroge] graft but were 
grossly distorted by the encorporation of that level of graft. These 
Figure 8. Platelet and leukocyte adhesion to sample number 4 at 45 min­
utes (scale bar - 10 pm) 
figure V. ribrin mat on sar.'.ple nunfoer 4 at 60 minutes (scale bar = IC 
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samples were fragile and difficult to work with. Individual platelets 
could not be counted in either sample. Figure 10 shows sample number 5 at 
5 minutes. The platelets are already aggregated in masses at this time. 
Figure 11 shows areas of thrombus foriiialiion and an area of Icukocytc adhe­
sion. In Figure llA, the proximity of an area of leukocyte deposition to 
an area of fibrin formation can be seen. In Figures IIB and IIC, tlie 
marked difference in two closely related areas is seen. 
Samples number 8-10 acquired approximately 30% hydrogel graft and were 
acceptable to work with. They did, however, have areas of iriegularity in 
cross-sectional area which were attributed to inhomogeneities in the graft­
ing process. Samples number 8 and number 9 both became occluded. Figure 
12 sliov.'s the course of failure for these materials. At 5 minutes (Figure 
12A) , clumping and degranulation of platelets were already evident. By 
15 minutes (Figure 12B), thrombus formation had begun. Platelet adhesion 
and leukocyte spreading at 30 minutes (Figure i2C) were seen to precede the 
gross formation of a fibrin net with entrapped red blood cells by 45 min­
utes (Figure IZUj. it is importanc co noce uiiac for c-.a 
initial period of at least partial covering of the material with leukocytes 
occurred because the subsenucnL pioclotting events support the contention 
by Barber et al. that these cells can participate in the clotting 
process (9). However, sample number 10 showed considerable white cell 
adhesion by 45 minutes (Figure 13) and spreading by 60 minutes (Figure 14) 
without a decline in flow. This suggests that leukocyte deposition can be 
a nonthrombogcnic event as has been reported (10). Tables 2 and 3 show the 
experimental data for these dogs to be similar to others reported. The 
Figure 10. Sample number 5 at 5 minutes showing platelet aggregation 
(scale bar = 5 yni) 

Figure IIA. Sample number 5 at 15 minutes showing variability of response 
(scale bar = 100 pm) 
112 
Figure IIB. Sample number 5 at 15 minutes showing area of leukocyte adhe­
sion (scale bar = 50 ym) 
at 15 mxnutes shewing 
tion (scale bar = 50 
114 
Figure 12A, Sample number 8 at 5 minutes showing early platelet aggrega­
tion and degranulation (scale bar = 5 ym) 
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Figure 12B. Sample number 8 at 15 minutas showing thrombus formation 
(scale bar = 10 um) 
12C. Sample number 8 at 30 minutes shoving leukocyte spreading and 
platelet adhesion (scale bar = 10 pm) 
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Figure 12B. Sample number 8 at 45 minutes showing red blood cells trapped 
in fibrin network (scale bar = 10 ym) 
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Figure 13A. Sample number 10 showing leukocyte deposition at 45 minutes 
(scale bar = 4 ym) 
Figure 13B. Sample number 10. showing leukocyte deposition at 45 minutes 
(scale bar = 50 ym) 
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Figure 14A. Sample number 10 showing leukocyte spreading at 60 minutes 
(scale bar = 10 ym) 
figure 145. Sample number 10 showing leukocyte spreading at 60 minutes 
(scale bar = 30 jjm) 
nMO! 
TalvLc! 2. Experimental data for 70% graft IPN's 
hct 
Dog Sex/ Contact, angle before/ 
number weight Tubing (11^0) after 
M i.d. 0.20 cm 85-95° 40/--
j.8 kg o.d, 0,32 (Mil 
).*' i.d. 0.20 cm 
20 kg o.d. 0.32 cm 
85-95° 36/36 
Table 3. Experimental data for 30% graft IPN s 
IICT 
Dog Sex/ Contact: angle before/ 
number weight Tubing (tL,0) after 
M i.d. 0.20 cm 85-95° 30/35 
17 kg o.d. 0.32 cm 
M i.d. 0.20 cm 85-95° 35/38 
22 kg o.d. 0.32 cm 
M i.d. 0.20 cm 
20 kg o.d. 0.32 cm 
8f.-95 0 41/45 
ACT Platelets/ 
before/ mm^ 
after before/after Flow 
70/— 400/—'— 
65/70 418/530 
5.5 ml/sec 
7.8 ml/sec initially 
(deteriorated to 2.3 
ml/sec at 60 minutes) 
ACT Platelets/ 
before/ mm^ 
after before/after 
75/75 271/398 Started at 4,2 ml/sec, 
recurrent occlusion 
with reestablishment 
of flow at 1.3 ml/sm 
80/75 524/523 Started at 3.2 ml/sec, 
with several decreases 
to 1,0 ml/sec with 
some recovery 
ln 
Flow 
50/70 328/296 1.5^2.0 ml/sec 
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unusually high failure rate for these shunts is probably, therefore, due to 
the material. 
Radiation polymerized samples 
The experimental data for radiation samples number 11-13 are presented 
in Table 4 and Figure 15. Samples number 11, 12 showed similar courses of 
platelet adhesion (Figure 14), with some slight offset in time. The 
levels of platelet adhesion at 15 minutes were lower than for the silicone 
rubber controls, but at all other times the values were in the same range. 
Sample number 13, which became occluded between 30 and 45 minutes, showed a 
mixture of leukocytes, platelets, and areas of fibrin strands by 30 min­
utes. Even at 5 minutes, more platelet aggregates were seen on sample 
number 13 than on number 11 or number 12, suggesting that the course to 
failure was already begun. 
The experimental data for radiation samples number 16-18 are presented 
in Table 5 and Figure 16. Samples number 16, 18 showed high initial plate­
let adhesion and lew final values. The lew platelet count at 15 minutes 
for sample number 18 is probably due either to an area that embolized or an 
area that did not adhere platelets initially. Dog number 17 showed ini­
tially high levels of platelet adhesion with some aggregates of 20-30 
platelets (Figure 17). This developed into a platelet, fibrin, and red 
blood cell mat (Figure 18) but did not significantly reduce the flow. 
The experimental data for samples number 19-21 are presented in Table 
6 and Figure 19. The course of platelet adhesion was found to be very 
co"s5_."5tent for these samples as can be seen in Figure 19. While the 
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initial levels of adhesion are quite high, this did not predict failure as 
it did in some of the earlier samples. 
Table h. KxperJmentéil clal:a for radiation polymerized samples l.'5% HEMA, .5% NVP 
Doj; Sex/ 
number weight Tubing 
ConlMCt angle 
(hgo) 
2.2 
i:i 
F 
25 kg 
bl 
20 kg 
i„d. 
o,d. 
0 . 2 0  cm 
0.32 cm 
I d .  0 . 2 0  c m  
o„d. 0.32 cm 
68.7 + 3.2 
68.7 + 3.2 
HCT 
before/ 
after 
31 M l.d. 0.20 cm 68.7 ± 3.2 43/47 
20 kg 
44/48 
37/45 
ACT Platelets/ 
before/ 
after before/after Flow 
70/70 
70/60 
65/70 401/188 
324/156 
222/236 
1,7-2.8 ml/sec; 
some deterioration 
between 15 and 30 
min. with recovery 
2.9 ml/^ec 
^4.0 but clotted 
between 30 and 45 
minutes 
h-' k3 
00 
F±)',ure 15. Platelet; adhesion to rad J ï (. ion-polyr.tGl-ized samples: 15% llEMA, 5% NVP 
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Table Experimental data for radiation polymerized samples 10% HEMA, 10% NVP 
HCT ACT Platelets/ 
Dog Sex/ Contact angle before/ before/ mm^ 
number weight Tubing (H^O) after after before/after Flow 
16 M i..d. 0.20 cm 57.4 -h 5.2 37/40 65/70 439/260 3.2 ml/sec 
24 kg o.d. 0.32 cm 
17 F l.d, 0.20 cm 57.4 f 5 . 2  35/35 75/85 320/205 2.7 ml/sec 
24 kg o.d. 0.32 cm 
18 M l.d. 0.20 cin 57.4 + 5.2 30/33 80/85 297/245 2.9 ml/sec 
27 kg o.d. 0.32 cm 
Figure 19. Platelet acHie.slon to I'adiation polymerized samples: 5% HEMA, 15% NVP 
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Figure 17. Sample number 17 showing large platelet aggregates at 5 min­
utes (scale bar = 10 ym) 
Figure 18. Sample number 17 at 15 minutes showing an adge-cn view of a 
platelet, fibrin, and red blood cell mat (scale bar = 10 ym) 
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Tabl e 6. ExperJmentcil dat;a for radial: Lon polymerized samples 5% HEMA, 15% NVP 
Dog Sex/ 
numlicr weight Tubing 
Contact angle 
(hgo) 
HCT 
before/ 
after 
19 
20 
2 1  
M 
18 kg 
M 
22 kg 
]' 
18 kg 
i.d. 0.20 cm 
o.d, 0.32 cm 
l„d. 0.20 cm 
o.d. 0.32 cm 
i„d. 0.20 cm 
God. 0.32 cm 
1)1.3 -I- 1.6 
hi.3 4- 1.6 
81.3 + 1.6 
43/43 
38/38 
35/44 
ACT Platelets/ 
before/ mm3 
after before/after Flow 
70/80 
85/65 
65/75 
315/250 2.5 ml/sec 
190/170 2.0-2.5 ml/sec 
340/- 2.4 ml/sec 
Fij'.uro 19. I'laCelet adhesion to radiation polymerized samples: 5% HEMA, 15% NVP 
250 
230 
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150 
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CONCLUSIONS 
1. At least two kinds of initial response were found to be predictors of 
shunt failure. I'or example, in sample number 17, homogeneous areas of 
platelet deposition were seen with some large aggregates forming. This 
led to the formation of a fibrin and red blood cell mat that occluded 
the shunt. Alternatively, as in the case of sample number 5, the 
initial, variability of response, seen as distinct areas of platelet or 
leukocyte deposition, was a predictor of shunt failure. 
2. The variability in contact angle for the IPN samples suggests an irregu-^ 
larity in composition. The high failure rate mckes them unacceptable 
materials as fabricated and employed here. 
3. All samples were found to exhibit similar declines in platelet popula­
tions by 60 minutes. This Is in contrast with other work which has 
shov.T: silicone rubber to embolize and hydrogel-coated surfaces to main­
tain their initial levels of adhesion (9). Since the method employed 
here was a direct counting technique, platelet fragments are not 
included. The labeling technique (9) would count intact platelets and 
fragments of platelets. Profiles of platelet counts were found to be 
reproducible as has been reported (9). 
4. The overall platelet and blood element response is homogeneous in most 
found to be especially enhanced in the gravitationally lower side of 
these sh.unts. 
139b 
5. Water wettability was most enhanced when the penetration and increased 
water retention caused by PNYP were balanced with the surface coat 
promoting effect of PHEMA at 10% PNVP and 10% PIIEMA. 
6. Silicone rubber £!nd hydromel cooted silicone rubber samples showed 
acceptable results at 60 minutes and would be candidates for longer 
time period studies. 
7. It has been argued that leukocytes are proclotting and proendothe-
lialization (10) factors. Both trends were recorded here. Samples 
number 8, 9 showed initial leukocyte adhesion followed by shunt fail­
ure. Sample number 10, which showed initial leukocyte adhesion, 
retained its patency with minimal blood element covering at 60 
minutes. 
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GENERAL CONCLUSIONS 
A family of hydrogel materials with many possibilities for applica­
tions in biomaterials situations has been introduced. Microstructure is an 
important point of departure for investigators seeking specific properties 
for the solution of a biological materials problem. The nontoxic nature of 
these materials renders them acceptable for animal and human utilization. 
The variability of tissue response to these materials indicates that a 
capability exists to carefully control the interaction of living tissue and 
biomaterials. 
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APPENDIX A: BLOOD COAGULATION AND SURFACES 
This diagram and list of summary statements (from Salzman, 1972) 
provides an overview of important factors in the interaction of the 
clotting cascade with foreign materials and gives some relevant highlights 
in the clotting scheme. 
: suffoct coftqcf i 
zz. ——* active %% i.-
i  ^ !  
z: •activex: ! 
i  r  R INTRINSIC PATHWAY 
i 1:1 ! 
or act ive i t  
C = - ^  I  1  
3  P L A T E L E T S  '  1 : f ibr inogen 
active x 
Su'foct Co^fccr 
Co 
platelets 
î prothrombin thrombin 
soluble f ibr in 
# ^ I ! 
EXTRINSIC PATHWAY À 1 e * . 
'  ^ t issue '  
. I 
j  thromboplast in ,• 1 l_ <3_ j ' f i b r in  
'  T T  ^  ^  ^  « " K  r *  4 "  ^  • ^ " 1  U _  *  X '  W  ^  O  L A  U . O V .  I -  W N , . » ^  •  
a- "red thrombus"—fibrin with entrapped RBC's in static or venous 
(low flow velocity) blood 
b. "white thrombus"—white head of platelets with thrombin and RBC's 
in tail 
2. Except for fibrinogen and prothrombin, the blood protein coagulation 
factors are present in trace concentrations. 
3. Platelets adhere to nonendothelial surfaces and may release (release 
reaction) adenosine diphosphate (AD?), epinephrine, 5-hydroxytryptami 
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etc. ADP promotes platelet "stickiness" and, hence, adhesion and 
aggregation. 
4. Platelets in arteries and fibrin in veins make respectively greater 
contributions to thrombosis. 
5. Surface adsorption accelerates and enhances the specificity of steps xn 
blood coagulation. 
6. Factor XII or the Hageman factor can be changed from an inert protein 
to its active form by, for example: 
a- Glass (wettable) 
b. Nylon (nonwettable) 
c. Collagen (negative sites implicated) 
7. Factor XII activation may represent uncoiling of the molecule with 
exposure of hydrophobic sites. 
8. Surface charge as indicated by ç potential (or streaming potential) has 
been implicated as an initiator of thrombosis. Since most blood ele­
ments are negatively charged at the surface, positively charged surfaces 
were considered unfavorable. The correiaticr. of surface charge wiLu 
thrombogenic activity of polymers has not been, successful. 
9. Wettability. Due to experimental problems, the issue of endothelial 
wettability remains unresolved. Exposure of hydrophobic barium stea-
rate to plasma with subsequent Factor V and fibrinogen adsorption 
produces a hydrophilic suspension. Factors II, VII, IX, X adsorbed 
onto a hydrophilic material did not alter wettability. Initially 
deposired fibrinogen is partially desorbed after Faccor XII is acti­
vated. 
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10. Contact: anp.Ic i's a measure of surface free energy may be most signifi­
cant in detecting certain high energy (thrombosis promoting) sites 
arising due to defects. 
11. Platelet contact with foreign surfaces may promo Le Luc availability of 
phospholipid accelerators of throinbogenesis (including platelet factor 
IV). 
12. The negative surface charge of platelets has been implicated in plate­
let adhesion, but this is probably not justified since red blood cells 
and white blood cells are similarly endowed with negative surface 
potentials. 
13. Platelet adhesion, but not aggregation, can occur in the absence of 
divalent cations. Transmission electron microscopy shows a 50 S space 
between collagen and adhered platelets and 200 R between aggregated 
platelets. Separate mechanisms of adhesion a re implied. 
14. Platelet aggregation and release depends on plasma proteins (especially 
fibrinogen) being present. 
. "iatelet re J.ease is not a simple ruprure buc actually a ^^Icc vc 
discharge of AD? and other mediators. 
ID. Hydrophrbicicy, hydrophlliciLy, gross chemical composition, surface 
free energy, and wettability have all been suggested as effectors of 
tnron:bogeacsl3, Lut nu simple relationships have been documented. In 
vivo and in vitro results correlate well with each other, but correla­
tions within a parameter were not found. 
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APPENDIX B; SURFACE CHEMISTRY and CONTACT ANGLE 
Tissue responses to a material are partially governed by the physio-
chemical properties of the material _ To a larg'^ £::tent these surfa'^'v 
properties reflect the bulk properties of a material. However, several 
other factors contribute to the surface properties ultimately exhibited by 
a material. For example, it has been shown that the surface chemistry of a 
polymer can be greatly affected by the nature of the die in which it is 
ease. Critical surface tension was greatly increased for several polymers 
when they were cast against gold instead of in a low energy, gaseous envi­
ronment (Andrada, 1973). The surface tension or surface free energy is a 
reflection of une cohesive fuices acting toward the bulk, of the material 
and of the orientation of the surface as mentioned above. 
A measure of the surface free energy can be achieved through employing 
the contact angle method (see Zisman, 1964). A fluid droplet on a solid is 
defined three-dimensxonally by interfaces. Thermodynamically, an interface 
is defined by an interfacial free energy, whic^;. for the droplet on a 
solid, is mathematically equivalent to surface tension (Andrade, 1973). 
The change in surface tension or interfacial free energy when a droplet is 
distorted, or a protein or cell is adsorbed, can be considered equivalent 
to the change in Gibbs Free Energy (AG)• 
A hydrophilic surface with its polar component, is water-like in char­
acter , promotes a low interfacial energy, and allows spreading cf the water 
droplet (wetting of the surface). Hydrophobic surfaces, being ncnpolar and 
unlike water in character, do not promote wetting or spreading of the water 
A c-rnn nf water on fais tvoe of surface is said to "bead up." 
148 
Between the cxti'cnies of wetting and nonv/ctting, a range of intermediate 
contact angles can be demonstrated. The basis for the relationship of 
surface tension to contact angle is shown in Figure B-1. Figure B-]A is the 
basis for deriving the relationship•from the displacement of a drop method: 
For the displacement, dx: 
at equilibrium, dG = C 
"sv " "sl'^lv 
Figure B-IB shows the basis for deriving the relationship from a static 
f v r» a o 1 0t»/-»0* 
^sv-^sir^'lv ° 
^sv ~ ^ lv 
Note that the method from the drop displacement approach generates 
2 
surface free energy units (ergs/cm"). The static force balance generates 
surface tension units (dynes/cm). 
Normally, for a surface of interest, a series of fluids of varying 
surface tension is employed. Each successive fluid wets the substrate to a 
greater degree (smaller contact angle), and the extrapoiaced peine of 
complete wetting is called critical surface tension. Once the interfacial 
free energi for the system are defined, the thermodynamic favorability of 
adhesion or other processes can be discussed. 
The use of the contact angle of a material with water is, in general, 
incomplete. But, in the case of biomaterials, it gives an indicatic;; of 
tlie degree of "water-like" (low surface free ener^v) rh 
a material. 
Figure B-IA. Basis for derivation of contact angle from displacement of a 
drop method. The solid, liquid, vapor interfaces are repre­
sented by Y (solid-vapor), Y (solid-liquid), Y .. (liquid-
vapor) (from Andradc, 1973) 
Figure B-IB. Basis for derivation of contact angle from static force 
balance. Tlie surface tensions are represented by Y_,. (sciid-
vapor) , Y„ (solid-liquid), Y.(liquid-vapor) (f rofr/ Andradc , 
-l y / u ' 
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APPENDIX C: adsorption, SURFACE CHEMISTRY, CELLULAR ADHESION 
This appendix is a bibliography of some recent published work on the 
interactions ot blood elements and other cells and proteins with surfaces. 
It is presented in a table format. 
Author 
(Absolom et al., 1979) 
(Bagnall et al., 1980) 
[Baier et al., 1970) 
rp.-rber et al., 1978) 
(Bischcff, 1968) 
(Brash and Lyrnan, 1971) 
(Chang et al., 1977) 
(Kochmuth et al., 1972) 
(Hoffman, 1974) 
(Kim et al., 1974) 
f VI /-» ;<• O OT TO V S / / l ) 
Topic 
thermodynamic basis for cell adhe­
sion to polymers 
contact angle studies of proteins 
on polymers 
review of relationship of surface 
chemistry to thromboresistance 
ex vivo examination of platelet 
adhesion to t-olymeric tubes 
problems of relating thrombogenic-
ity to surface energy 
review of principles of protein and 
Ixpid adsorption to surfaces 
independence of platelet adhesion 
and surface wettability 
deformation and lysis of adhered 
i. C WilJUtvW V- _ O 
mechanical factors 
thermodynamics of protein adsorp­
tion onto hydrogels 
mechanism of plarelet adhesion,, 
favorability of albumin adsorption, 
fibrcncgen, and 3-globulin promote 
— ^  oo  ^  ^  o  " •  ^  » ' s  —  
^ L .  ^ t O  ^  ^  ^  w  w  w  ^  ^  ^  
tion precedes platelet adhesion 
method to measure force of macro-
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Author 
(Neumann et al., 1975) 
(Roohk ec al., 197d) 
(Schultz et al., 1976) 
(Van Kampen et al., 1979) 
(Vroman and Leonard, eds., 1977) 
Topic 
thermodynamic considerations in 
platelet adhesion and surface 
cheinistry 
tcxiietixcs , i XÛi"iiiO, and pZaLclet 
adhesion and role of proteins 
derivation of kinetics of thrombus 
formation in an £>: vivo device 
described differeiit courses to 
endothe.Tializatiori and problems 
with relating surface chemistry to 
responses 
Annals of York Academy of 
Sciences, issue devoted to blood of 
interfaces 
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